The completion of the Human Genome Project aroused renewed interest in alternative splicing, an efficient and widespread mechanism that generates multiple protein isoforms from individual genes. Although our knowledge about alternative splicing is growing exponentially, its real impact on cellular life is still to be clarified. Connecting all splicing features (genes, splice transcripts, isoforms, and relative functions) may be useful to resolve this tangle. Herein, we will start from the case of a single gene, Parkinson protein 2, E3 ubiquitin protein ligase (PARK2), one of the largest in our genome. This gene is implicated in the pathogenesis of autosomal recessive juvenile Parkinsonism and it has been recently linked to cancer, leprosy, autism, type 2 diabetes mellitus and Alzheimer's disease. PARK2 primary transcript undergoes an extensive alternative splicing, which enhances transcriptomic diversification and protein diversity in tissues and cells. This review will provide an update of all human PARK2 alternative splice transcripts and isoforms presently known, and correlate them to those in rat and mouse, two common animal models for studying human disease genes. Alternative splicing relies upon a complex process that could be easily altered by both cis and trans-acting mutations. Although the contribution of PARK2 splicing in human disease remains to be fully explored, some evidences show disruption of this versatile form of genetic regulation may have pathological consequences.
INTRODUCTION
With the completion of the Human Genome Project, it came as a surprise to discover that human genome contains only a fraction of genes than originally predicted. It was clear that the small number of human genes could not account for the complexity of the proteome. Therefore, the biological paradigm "one gene to one protein" was groundless. Among several proposed mechanisms, alternative splicing is considered the major driving force for transcriptome and proteome diversity. Because of its ability in increasing the coding potential of a genome, alternative splicing represents a cheap and powerful tool that allows cells to expand their proteome, producing multiple protein products from a single gene. Although our knowledge about alternative splicing is growing exponentially, its real impact on cellular life is still under debate. Connecting each gene to its splice transcripts, corresponding isoforms and relative functions may be useful to resolve this tangle and decipher how splicing acts in physiological and pathological conditions. Indeed, this is not an easy task. In this review, we will represent the *Address correspondence to this author at the Functional Genomics Center, Institute of Neurological Sciences, Italian National Research Council, Via Paolo Gaifami 18, 95125, Catania, Italy; Tel: +39-095-7436634; Fax: + 39-095-7122426; E-mail: sebastiano.cavallaro@cnr.it splicing features of a single gene, Parkinson protein 2, E3 ubiquitin protein ligase gene (PARK2), one of the largest genes in human genome [1] .
Mutations in PARK2 gene are responsible for the development of a form of autosomal recessive juvenile Parkinsonism (AR-JP) characterized by all the classical symptoms of Parkinson disease (PD), such as tremor, rigidity and bradykinesia [2] . In addition to AR-JP, PARK2 has been recently linked to cancer [3, 4] , leprosy [5] , autism [6] , type 2 diabetes mellitus [7] and Alzheimer's disease [8] .
PARK2 gene spans more than 1.38 Mb of genomic DNA in the long arm of chromosome 6 (6q25.2-q27) [1, 9] . To date, homologous PARK2 genes have been characterized in twelve different organisms, including rat [10] , mouse [11, 12] , fruit fly [13] , zebrafish [14] and worm [15] .
The first isolated human PARK2 transcript was of 2, 960 bases with an open reading frame (1,395 bases) encoding a protein of 465 amino acids [1] . Based on this transcript, the genomic organization and exon/intron boundary sequences of PARK2 consisted of 12 exons [1] . In the last fifteen years, these 12 exons have been the focus of hundreds of different screenings. The Parkinson Disease Mutation Database (http://www.molgen.vib-ua.be/PDmutDB) [16] currently lists 214 PARK2 mutations: exon rearrangements (deletions, duplications) or, more often, point mutations.
While many studies concentrated on the genetic variations present in the 12 originally established PARK2 exons and in their exon/intron boundaries, there is now enough evidence that additional exonic sequences exist in human and other species, and that they can be alternatively spliced to produce different variants [11, [17] [18] [19] [20] [21] [22] . These transcripts show different patterns of expression and encode proteins with different functions [11, [17] [18] [19] [20] [21] [22] . This review will provide an update of all human PARK2 alternative splice variants presently known and correlate them to those in rat and mouse, two common animal models for studying human disease genes. Before describing PARK2 splice variants, the next paragraph will briefly introduce the process of alternative splicing.
ALTERNATIVE SPLICING, BASIC CONCEPTS
A crucial regulatory stage in the pathway of gene expression is splicing of precursor mRNA (pre-mRNA). In this process, introns are removed and exons are joined to form a mature mRNA, which is then polyadenylated, exported to cytoplasm, and translated into protein. Four conserved regions are important for the splicing process: the 5' (GU) and the 3' (AG) splice sites, the branch point placed upstream of the 3' splice site and the polypyrimidine tract (PPT) placed between the 3' splice site and the branch point (Fig. 1) . Splicing regions are recognized by a large macromolecular complex, the spliceosome, which models the pre-mRNA while it is synthesized by RNA polymerase II in the nucleus (Fig. 1) . The splicing machinery is composed of five small nuclear RNAs (U1, U2, U4, U5 and U6) that tie with proteins to form small nuclear ribonucleoproteins (snRNPs) [23] . During the first step of spliceosome assembly (E complex), U1 base-pairs with the 5'-splice site, whereas U2 base-pairs with the branch-point. Then, the tri-snRNP complex U4, U5 and U6 associates with the forming spliceosome (now called B complex) and U4 is ejected. This allows U6 to replace U1 at the 5' splice site (C complex) and leads to a U6-U2 interaction that gets close together to the 5'-splice site and the branch point, allowing for a transesterification step. At the end, U5 brings near the two exons and allows for the second step of splicing, joining the two exons [24] .
Splicing of exons does not always proceed in the same manner and different combinations of exons can be joined by a process known as alternative splicing. Alternative splicing of coding exons may generate protein isoforms with different biological properties, protein-protein interactions, subcellular localization, signaling pathway or catalytic ability [25] . Alternative splicing in non-coding sequences, instead, can affect the efficiency of mRNA translation, stability or localization [26] . By modifying the reading frame or adding premature stop codons, some splicing events lead to truncated proteins or "Nonsense-Mediated mRNA Degradation" (NMD mechanism) [27] . In this manner, splicing works as an on-off switch in gene expression. Alternative splicing is regulated in time and space, allowing a particular mRNA to be expressed in a specific cell and physiological condition [28] . This process, therefore, represents an extremely economical mean of increasing protein diversity, which can finely tune genomic information to meet the unique needs of each cell. The process of alternative splicing increases the number of the mRNA expressed and explains the divergence between the estimated 24,000 human protein-coding genes and the 100,000 different proteins that are supposed to be generated [29] . Fig. (1) . The alternative splicing mechanism. The spliceosome machinery (U1, U2, U4, U5 and U6) assembles on the nascent pre-mRNA. The conserved sequences that enable recognition of the mRNA by the spliceosome are: the 5' splice site (GU), the 3' splice site (AG), the branch point and the polypyrimidine tract (PPT). In E complex, U1 forms a base-pairing interaction with the 5'-splice site, whereas U2 basepairs with the branch-point. Then, a tri-snRNP complex containing U4, U5 and U6 associates with the forming spliceosome, removing U1 and U4 (C complex). These steps allow the two transesterification reactions and join the exons. 
ALTERNATIVE SPLICING OF PARK2
In the following paragraphs we will first describe all PARK2 alternative splice variants presently known in human, followed by those in rat and mouse, two common animal models for studying human disease genes.
Human PARK2 Alternative Splice Variants
PARK2 is one of the largest genes in the human genome and spans more than 1.38 Mb of genomic DNA in the long arm of chromosome 6 (6q25.2-q27).
To date, GenBank (Unigene cluster Hs.132954) currently lists 26 human PARK2 transcripts corresponding to 21 different alternative splice variants. Each of these alternative splice variants is shown in ( Table 1 ). The alignment of genomic and transcript sequences (Fig. 2) indicates these alternative splice variants are composed of 17 exons, whose exact length and specific coordinates on PARK2 gene are indicated in ( Table 2 ). With the exception of few exons (9, 11, and 14) , each exclusively expressed in a single splice variant, the others are not associated to specific transcripts (Fig. 2) . The joining of different exons does not seem to follow any specific order. Indeed, no exonic cluster (i.e. exonic sequences lying close in gene and spliced always, in or out, together) is evident.
The cDNA clone (2,960 bp) submitted by Kitada et al. (Accession number AB009973.1) [1] represents the longest transcript sequence present in GenBank, although the same repository contains three records of PARK2 Reference Sequences with a length between 3 and 4 Kbp. These RefSeq sequences have been generated by NCBI staff by assembling transcript and genomic sequences, and their existence remains uncertain (for further details see Table 1 ). The shortest human PARK2 transcript variant is 454 bp. This means that PARK2 undergoes a complicated pattern of splicing assembling that greatly reduces primary transcript length up to 3000 times.
Rat Park2 Alternative Splice Variants
Rat Park2 gene is located in the long arm of chromosome 1 and spans more than 1.18 Mb. The cloned rat Park2 transcripts range between 1670 and 534 bp, and thus the splicing assembling strongly reduces the length of the primary transcript more than 2200 times. GenBank (Unigene cluster Rn.207194) currently lists 27 rat Park2 transcripts ( Table 3 ) that correspond to 20 unique alternative splice variants (Fig. 3) . These alternative splice variants are composed of 20 exons, which are reported in ( Table 2) . As in human, some exons are uniquely present in a single splice variant (exons 3, 4, 5, 8, 9, 12, 18, and 19) . Based on the exonic composition of transcript variants, no exonic cluster or preferential rearrangement is evident.
Mouse Park2 Alternative Splice Variants
Park2 splicing has been less investigated in mouse. To date, only 12 transcripts have been cloned and are collected in Unigene cluster Mm.311110 (Table 4) . These transcripts arise from splicing of 15 different exons ( Table 2 ) and correspond to 9 unique alternative splice variants (Fig. 4) . Among these, a splice variant (M3) is generated by the use of an alternative 5' donor site inside exon 7 (Fig. 4) . Exons 10 and 12 are exclusively expressed in a single splice variant. Mouse Park2 gene is located in chromosome 17 where it spans 1.22 Mb. Cloned transcripts range from 3226 to 793 bp and, therefore, alternative splicing process reduces primary transcript length by about 1500 times.
SPECIES-SPECIFIC ALTERNATIVE SPLICING OF PARK2 IN HUMAN, RAT AND MOUSE
Alternative splicing is thought to be the major source of phenotypic diversity in higher eukaryotes, especially in mammals. It contributes to enhance transcriptomic diversification, and thus plays an important role in speciation and in the dynamic evolution of genome structure [30] . Inter-species comparison of PARK2 genes is useful to identify the role of alternative cassette exons during evolution. In addition, investigating the analogies and the divergences between species may be fundamental in creating a valid animal model for Parkinson's disease. To this regard, knocking out Park2 function in mice has been achieved by deletion of exon 2, 3, and 8 in Park2 gene, but no loss of nigrostriatal dopaminergic neurons has been reported [31] [32] [33] [34] .
The genomic structures of human PARK2 gene and its homologs in rat and mouse are shown in (Fig. 5) . Most of the exons have been conserved during evolution (e.g rat exon 2, human exon 4 and mouse exon 2; rat exon 14, human exon 12 and mouse exon 9), and their sequences have a high degree of homology (up to 95%). Differently, other exons are species-specific (e.g. human exons 2, 3, 9, 11 and 14).
Species-specific cassette exons may originate by two different mechanisms: i) exonization of common ancestral intronic sequences, and ii) exon shuffling, in which a new exon is inserted into an existing gene [30] . Rat and mouse specific Park2 exons may have originated by the first mechanism (exonization). Gene-comparison, in fact, reveals that some rat-specific Park2 exons (e.g., rat exon 3, 5, 8, 9 and 19) have a high degree of identity level with intronic sequences of mouse and vice versa (e.g. mouse exon 7, 10 and 12). During evolution, therefore, these sequences may have gained splice sites (AG/GT) and been expressed in one species but not in the other one. Conversely, human-specific PARK2 exons might have originated by exon shuffling, since their sequences are unique in human PARK2 gene and do not match to any of the corresponding Park2 intronic regions of rat and mouse (Fig. 5) .
Analyzing the exonic structures of PARK2 alternative splice variants of the three species (Figs. 2, 3 and 4) , we can separate exons with a low (e.g. human exons 2, 3, 9, 11 and 14) or high inclusion level (e.g. human exons 1, 4-8, 10, 12, 13, 15-17) in splice variants. Exons with a high inclusion level in splice variants coincide with conserved exons (with the exception of the first and the last exons, whose evolutionary conservation is relatively modest), while those having a low inclusion level coincide with species-specific exons (Fig. 5) .
ALTERNATIVE SPLICING OF PARK2 PRODUCES DIVERSITY
The combinatorial arrangement of PARK2 exons generates a large number of alternatively spliced mRNAs that may diverge for untranslated regions, half-life, regulation or degradation modality (e.g. the NMD mechanism seen above). Moreover, their different coding regions may lead the expression of distinct PARK2 protein isoforms, which are different in amino acid sequence, post-translational modifications and functional domain composition (Fig. 6) .
The original (canonical) PARK2 protein (Accession number BAA25751.1) [1] comprises an N-terminal ubiquitin-like (UBQ) domain and two C-terminal in-between ring fingers (IBR) domains, encoded by specific PARK2 exons (Figs. 2, 3 and 4) . The UBQ domain targets specific protein substrates for degradation by the proteasome, whereas IBR domains occur between pairs of ring fingers and play a role in protein quality control. PARK2 isoforms, encoded by the alternative splice transcripts currently known, structurally diverge from the canonic one for the presence or absence of the UBQ domain and for one or both IBR domains (Fig. 6) . Moreover, when UBQ domain is present, it often differs in length from the canonic one. Interestingly, some isoforms miss some of these domains (Fig. 6) . Alternative splicing also affects intrinsically disordered protein regions (e.g. regions lacking of stable tertiary structure), thus playing a critical role in remodeling proteinprotein interactions [35] . Alternative splicing events on intrinsically disordered protein regions could regulate interactions of PARK2 isoforms with specific cellular targets. In addition, PARK2 isoforms generated by different alternative splice transcripts could interact with each other mutually regulating their functions, as it has been reported for RBCK1, a protein with IBR and E3 ubiquitin ligase domains, whose migration in the nucleus is inhibited by interaction with RBCK2, an isoform lacking IBR domain [36] .
In addition to molecular architectures, alternative splicing may also influence stability, localization and catalytic efficiency of PARK2 isoforms. Although scientific evidences concerning this are still few, preliminary studies reported the identification of a PARK2 isoform, missing exons 5-8, with a defective degradation activity of Cyclin E and control of cellular cycle [19] . Another study detected a splice variant of pdr-1 (a Caenorhabditis elegans homologous of PARK2) with an in frame deletion, characterized by altered solubility and intracellular localization [15] .
Besides the well-known involvement in proteasomedependent degradation of target proteins [37, 38] , PARK2 has been implicated in apoptosis regulation [39] , mitochondrial homeostasis, mitophagy [40, 41] and mitochondrial DNA stability [42] . In addition, UBQ proteins such as PARK2, are implicated in endocytosis, cellular trafficking, signal transduction, transcriptional regulation and DNA repair, in ubiquitin degradation independent manner [43] . It may not be excluded that PARK2 alternative splice isoforms (included those missing functional domains) act in a different cellular context, operating in a still, not yet characterized manner.
DIFFERENTIAL EXPRESSION OF PARK2 IN TIS-SUES AND CELLS
Alternative splicing events are finely regulated in time and space, and thus contribute to cell specialization and tissue definition. Although we are not yet able to define the tissue and cell specific spectrum of expression of PARK2 and its homologs, the few evidences reported to date undoubtedly demonstrate that a regional and cellular differential expression of transcripts and isoforms exists. Distinct transcript-expression profiles occur in human brain regions [44] and leukocytes [17] , in rat brain and isolated nerve cells [18] and in a wide variety of mouse tissues including brain, heart, lung, liver, skeletal muscle, kidney, and testis [11] . (Fig. 7) , for example, shows the different expression patterns of Park2 splice variants in rat cerebellar granule cells, cortical neurons and type I astrocytes [18] .
Differential expression of PARK2 transcripts is also mirrored at the protein level. In mice, Park2 protein isoforms show a differential distribution in different nervous system areas (cerebral cortex/diencephalons, hippocampus, cerebellum, brainstem, striatum, spinal cord), peripheral tissues (heart, liver, spleen, pancreas, kidney), and developmental stages [45, 46] . Distinct expression patterns occur also in rat brain regions (substantia nigra and cerebellum) [46] [47] [48] and isolated nervous cells [49] . To this regard, a representative example is shown in (Fig. 8) , where Park2 isoforms are clearly differentially expressed in rat cortical neurons and type I astrocytes. Both western blot and immunofluorescence assays demonstrate not only a quantitative difference in Park2 expression levels between these cell types, but also a different expression pattern of splice isoforms. The expression of PARK2 has been recently assessed in human blood [50] . This study revealed the presence of different splice variants and protein isoforms.
When the extensive PARK2 alternative splicing was still unknown, correlation between mRNA and protein expression patterns was not an easy task. The presence of unexpected immunoreactive bands on western blot, for example, was very often explained as the result of partially translated forms of PARK2 full-length, post-translational modifications [46, 47] or cross reactivity with other proteins [51, 52] . Interestingly, the datasheet of many commercially available PARK2 antibodies (see below for further details) shows the presence of multiple immunoreactive bands without providing sufficient explanations. Unlike the past, splicing of PARK2 can now be investigated at the protein level in more details by the use of different antibodies. To date more than 160 PARK2 antibodies are commercially available. They are generally raised from rabbit or mouse and commercialized by various companies. (Table 5 ) list 35 commercially available PARK2 antibodies whose immunogens used are known. Some of them have been raised against the same immunogen, and thus recognize common epitopes. These 35 antibodies may allow recognizing 15 different PARK2 epitopes. Although no epitope is probably isoform specific, the combinatorial use of antibodies targeting different protein regions, together with the use of different techniques such as two dimensional gel assays, may provide a precious aid to decode the exact spectrum of PARK2 isoforms expressed in tissues and cells.
ALTERNATIVE SPLICING OF PARK2 AND PA-THOLOGY
Alternative splicing process is a key element in PARK2 gene expression and could be easily disrupted through multiple errors. An aberrant alternative splicing may arise from changes of regulatory sequences required for correct premRNA processing, such as splice sites, branch point, polypyrimidine tract, exonic splicing enhancers/silencers and intronic enhancers/silencers, which are called cisacting mutations. To this regard, a number of PARK2 cisacting mutations identified in patients with Parkinson's disease have been collected in Parkinson Disease Mutations database. To date, point mutations localized in splice acceptor or donor sites of PARK2 introns 1, 6, 7, 10, 12, 13 and 16 have been investigated [53] [54] [55] [56] [57] [58] [59] , while cis-acting mutations in splice sites of exons 2-5, 8, 9, 11, 14, 15, 17 and in the other splicing regulatory regions have not yet been explored and need to be assessed. Moreover, deregulation of alternative splicing may be the result of changes in the components of spliceosome machinery (trans-acting mutations). Further studies are required to discover their possible pathogenic influence on PARK2 alternative Table 3 ). All the other products have not yet been cloned and remain unknown. H3  H4  H5   H6  H7  H8  H9  H10  H11  H12  H13  H14  H15   H16   H17  H18   H19  H20   H21   R1  R2  R3   R4  R5  R6  R7  R8   R9   R10   R11  R12   R13   R14   R15  R16  R17   R18   R19   R20   M1   M2   M3   M4   M5   M6   M7   M8 
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Home sapiens Rattus norvegicus Mus musculus . The assay was performed using a rabbit anti-Park2 polyclonal antibody (AB5112, Millipore) as previously described [49] . Expected molecular weights of Park2 isoforms potentially recognized by this antibody are drawn on lane 3. The very intense immunoreactive band of about 51 kDa in cortical neurons overlaps with the expected molecular weight of several isoforms (R1, R2, R4-R10, R13-R15, and R19). Instead, type I astrocytes express a faint band of 51 kDa which may correspond to R1 isoform, and a 65 kDa band that corresponds to a still uncharacterized variant. It should be noted that the antibody used in this western blot analysis recognizes only one epitope, which is not present in all isoforms. Other isoforms, therefore, may be expressed in these cell types and not be immunoreactive to the antibody used. B: Park2 and GFAP immunoreactivity in mixed cortical cultures. Primary cultures of cortical neurons and type I astrocytes were double labeled with antibodies against Park2 protein (green signal) and GFAP (red signal), as previously described [49] , and observed by fluorescence microscopy. splicing, and to elucidate the exact splice pattern/phenotype correlations. Disruption of PARK2 alternative splicing by both cis-and trans-acting mutations, in fact, could result in a functionally harmful PARK2 expression pattern, creating aberrant events with pathological consequences that may provide an explanation for the broad spectrum of phenotypic abnormalities observed in patients with PARK2 mutations [60] [61] [62] .
Both cis-and trans-acting mutations have been previously associated to human diseases. For example, cis-acting mutations have been found in genes involved in Alzheimer's Disease (PSEN1, MAPT, GRN) [63] , while trans-acting mutations have been detected in Retinitis pigmentosa (U4/U5/ U6 protein complex) [64] , in Spinal Muscle Atrophy [65] , and in Dystrophia Myotonica [66] .
Emerging evidences support the importance of PARK2 splice variants expression changes in disease development. When compared to control patients, distinct PARK2 splice patterns have been identified in frontal cortex of Parkinson's disease, pure dementia with Lewy bodies, common Lewy body disease and Alzheimer's disease patients [20] [21] [22] . The disease-specific expression profiles of PARK2 isoforms suggest a role for splicing deregulation in the development of neurodegenerative disorders. In addition, aberrant PARK2 transcripts have been reported in some human cancers (ovarian and colorectal cancer, chronic myeloid leukemia and other cancer-derived cell lines) [67] . Based on these evidences, the possibility that PARK2 aberrant alternative splicing may be involved in PD and other human diseases represents an interesting hypothesis that needs to be further investigated.
CONCLUSION
PARK2 gene provides a fascinating example of the use of alternative splicing to create different variants within single cell types. Disruption of this versatile form of genetic regulation may alter the fine-tuning of the encoded proteins to suit specific cellular needs. Investigating the full spectrum of PARK2 alternative spliced mRNAs, studying the complete pattern of expression of alternative splicing transcripts and isoforms in tissue and cell-types, and determining each of their functions will require additional studies. Furthermore, investigating cis-and trans-acting mutations may provide novel insights into the pathogenesis of human diseases associated to PARK2 and their cure.
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